Heterozygous mutation or deletion of a lissencephaly gene (Lis1) in humans is associated with a severe disruption of cortical and hippocampal lamination, cognitive deficit, and severe seizures. Mice with one null allele of Lis1 (Lis1 hippocampus. Given that precisely coordinated GABAergic activity is vital to generation of oscillatory activity and place field precision in hippocampus, these alterations in synaptic inhibition may contribute to seizures and altered cognitive function in Type I Lissencephaly.
Introduction
Lissencephaly is a brain malformation disorder characterized by loss of normal gyri and a disorganized cerebral cortex. In humans, malformations are associated with mental retardation, developmental delay, intractable forms of epilepsy, and other serious neurological symptoms (Dobyns et al. 1993; Walsh 1999; Guerrini and Filippi 2005; McManus and Golden 2005) . Classical, or Type I, Lissencephaly is linked to mutations in one allele of the Lis1 gene. Lis1 protein is important in the microtubule-based motor activity of cytoplasmic dynein (Reiner et al. 1993; Dobyns and Truwit 1995; Vallee and Tsai 2006) . Because microtubule motility is vital to the proper migration of neuronal precursors (Tsai and Gleeson 2005) , an insufficient amount of Lis1 protein appears to result in slowed migration and subsequent brain malformation (Wynshaw-Boris and Gambello 2001; McManus et al. 2004) . Although a role for Lis1 protein in neurodevelopment is well established, how neurons communicate in a disorganized, Lis1-deficient brain is not understood.
Severe anatomical alterations, including cellular disorganization and multiple principal cell layers in hippocampus, were previously reported in mice with one null allele of Lis1 (Lis1 excitatory drive of displaced interneurons (Xiang et al. 2006) , increased miniature excitatory postsynaptic current frequency and bursting rate (Zsombok and Jacobs 2007), and reduced IPSC frequency (Calcagnotto et al. 2002; Trotter et al. 2006) . Human brain tissue samples obtained from patients with cortical dysplasia exhibit similar functional deficits (Andre et al. 2004; Najm et al. 2004; Calcagnotto et al. 2005) . Disruption of cognitive function and generation of abnormal seizure discharge -common clinical manifestations of a malformed brain (Guerrini et al. 2003) -are likely to be linked with significant alterations in synaptic transmission.
Consistent with the severe disruption in hippocampal organization seen in Lis1
+/-mice, acute brain slices from these animals exhibit a reduced threshold for potassium-induced epileptiform bursting, and a modest disruption of excitatory field potentials at the Schaffer collateral-CA1 synapse (Fleck et al. 2000) . Cortical and hippocampal interneurons, which release the inhibitory neurotransmitter GABA, were recently shown to exhibit slowed non-radial migration in embryonic slice cultures from Lis1 +/-mice, although inhibitory neurotransmission was not analyzed (McManus et al. 2004) . Because GABA-mediated synaptic transmission plays a critical role in regulating a variety of CNS functions (Farrant and Nusser 2005; Mohler 2006) , we focused these studies on inhibitory circuits in the malformed Lis1 +/-mouse hippocampus. Our approach used patch-clamp techniques, infrared-differential interference contrast (IR-DIC) microscopy, and pharmacological manipulations. Here we report an increase in spontaneous IPSC frequency onto disorganized CA1 pyramidal cells and a corresponding increase in spontaneous firing and excitatory drive of interneurons; we noted no changes in tonic or evoked inhibitory currents.
Materials and Methods
Slice preparation. We prepared 300 µm acute brain slices from P14-P22 mice for electrophysiological recordings. Mice were anesthetized and decapitated, and the brain was rapidly removed and placed into ice-cold, oxygenated artificial cerebrospinal fluid (ACSF) containing high sucrose (in mM, 150 sucrose, 50 NaCl, 25 NaHCO 3 , 10 dextrose, 2.5 KCl, 1 NaH 2 PO 4 -H 2 O, 0.5 CaCl 2 , 7 MgCl 2 ). The brain was blocked and glued to the stage of a Vibratome (Leica VTS1000, Bannockburn, IL), and horizontal slices containing the hippocampus were prepared in oxygenated high sucrose ACSF at 4°C. Slices were transferred to a holding chamber containing normal ACSF (in mM, 124
NaCl, 3 KCl, 1.25 NaH 2 PO 4 -H 2 O, 2 MgSO 4 -7H 2 O, 26 NaHCO 3 , 10 dextrose, and 2
CaCl 2 ). Slices were incubated for 40 minutes in a 35°C water bath before being maintained at room temperature for the remainder of the day. For recording, each slice was transferred to a recording chamber where it was submerged in oxygenated, normal ACSF flowing at 2-4 mL/min. 8 solution for subsequent morphological confirmation of the recorded cell type, using standard procedures for processing sections with diaminobenzidine tetrahydrochloride (Xiang et al. 2006 ).
Voltage-clamp recordings of spontaneous and miniature inhibitory postsynaptic currents (sIPSCs and mIPSCs) were obtained at room temperature, in accordance with standard recording protocols (Bessaih et al. 2006; Calcagnotto et al. 2002; Shao and Dudek 2005; Trotter et al. 2006; Zhu and Roper 2000) . Internal patch pipette solution (285) (286) (287) (288) (289) (290) (291) (292) (293) (294) (295) contained, in mM, 140 CsCl, 1 MgCl 2 , 10 HEPES, 11 EGTA, 2 Na 2 ATP, 0.5 Na 2 GTP, 1.25 QX-314. We recorded sIPSCs from CA1 pyramidal neurons held at -60 mV in the presence of 3 mM kynurenic acid (Tocris, Ellisville, MO) to block glutamatergic transmission; 100 µM gabazine (SR-95531; Sigma) was added at the end of some experiments (n=25) to confirm that all synaptic events recorded in the presence of kynurenic acid were GABAergic. To isolate mIPSCs from sIPSCs, we added 1 µM TTX (Alomone Labs, Jerusalem, Israel), and tested each batch of TTX to confirm its efficacy at blocking action potentials. For tonic inhibition experiments, we followed the protocol described by Maguire et al. (2005) . Briefly, we obtained stable sIPSC recordings as previously described, with 0.005 mM GABA included in the ACSF. After a stable baseline in 3 mM kynurenic acid was established (>5 minutes), we perfused the slice with 100 µM gabazine and continued recording until a stable baseline was re-established and all synaptic events were eliminated.
For evoked IPSC (eIPSC) studies, we obtained voltage clamp recordings of sIPSCs as previously described. A monopolar stimulating electrode was placed in stratum radiatum, 50-100 µm from the pyramidal cell being recorded. Stimulus parameters were controlled using pClamp software, an A310 Accupulser (World Precision Instruments), and an A360 Stimulus Isolator (World Precision Instruments). 100 µs pulses were delivered at low frequency (0.05 Hz). We obtained a plot of stimulus intensity versus response size for each cell, and performed paired-pulse experiments at a stimulus strength that reliably elicited a response of approximately 100 pA for the first pulse. Interpulse intervals tested in these experiments were 40, 100, 400, 500, and 700 ms. At the end of some experiments, 5 µM bicuculline (Sigma) was added to ensure that eIPSCs were mediated by GABA A receptors (n=3).
For cell-attached recordings of spontaneous firing in interneurons, we used a slightly modified ACSF containing 5 mM KCl and obtained recordings at 32°C. We recorded spontaneous firing in voltage-clamp mode at -60 mV before switching to current-clamp mode and rupturing the patch to obtain a whole-cell current clamp recording, so that interneuron sub-type could be identified. Internal pipette solution (285) (286) (287) (288) (289) (290) (291) (292) (293) (294) (295) for spontaneous firing and current-clamp recordings contained, in mM, 120 K-Gluconate, 10 KCl, 1 MgCl 2 , 0.025 CaCl 2 , 0.2 EGTA, 2 Na 2 ATP, 0.2 Na 2 GTP, 10 HEPES. We injected 1000 ms depolarizing and hyperpolarizing current steps to measure membrane and firing properties of each interneuron recorded; passive membrane properties were examined occasionally throughout the experiment to ensure the health of the cell and the integrity of the seal.
Recordings of spontaneous excitatory postsynaptic currents (sEPSCs) on interneurons were obtained at 32°C in the presence of 5 µM bicuculline, in accordance with standard recording protocols (Alkondon and Albuquerque 2002; Behr et al. 2000; Epsztein et al. 2006; McBain and Dingledine 1992; Perez et al. 2006) . We used the previously described current-clamp internal patch pipette solution, and recorded events at a holding potential of -60 mV. Immediately after obtaining a whole-cell recording, we switched to current-clamp mode and injected current steps in order to identify the interneuron subtype (cells with firing properties reminiscent of CA1 pyramidal neurons were discarded), and then switched back into voltage-clamp mode to record sEPSCs. All voltage clamp recordings were low-pass filtered at 1 kHz, and band-pass filtered at 60 Hz (Hum Bug, AutoMate Scientific, Berkeley, CA). At the end of some experiments, 3 mM kynurenic acid was added to confirm that sEPSCs were successfully isolated (n=3). Whole-cell access resistance and holding currents were monitored throughout all recordings; cells for which these values changed by more than 25% were excluded from analysis.
Data analysis. sIPSCs, mIPSCs, and sEPSCs were analyzed using Mini Analysis 5.2.5 software (Synaptosoft, Decatur, GA). Each event was manually selected, with the investigator blind to the genotype of the animal. Analysis commenced after allowing sufficient time for stabilization of the recording and for complete wash-in of pharmacological agents (>4 minutes). Decay times were measured as the time from the peak to the time at which the event amplitude was 2/3 of peak value, and these values were averaged for each cell. Mini Analysis software and Microsoft Excel were used for construction of amplitude, decay, and inter-event interval histograms. Histograms were generated from data across all cells, with an equal number of events used from each cell .
Amplitudes of tonic GABAergic currents were measured by hand using Clampfit 8 2002; Xiao et al. 2006) , though all interpulse intervals were analyzed and found to be similar. Spontaneous firing rates from cell-attached recordings were measured using Mini Analysis software. All parameters from current-clamp recordings of interneurons (input resistance, afterhyperpolarization amplitude, firing frequency, firing frequency adaptation, spike width) were measured as described in Butt et al. (2005) . All data are presented as mean ± SEM. Unless otherwise noted, two-tailed, unpaired Student's t-tests were used to determine statistical significance of experimental results; in some cases, chisquare (O 2 ) tests were used. Because sIPSC amplitudes did not appear to conform to a normal distribution, we used the Kolmogorov-Smirnov test to calculate significance of these results, and we also used this test to compare inter-event interval distributions.
Results were deemed statistically significant if the calculated p value was less than 0.05. Fig. 1D ), and the overall distribution of decay times was similar (Fig. 1F) .
Results

Spontaneous inhibitory transmission in the Lis1
The mean amplitude of sIPSCs was also higher in Lis1 +/-mice (43.11 ± 2.51 pA) compared to controls (37.01 ± 1.47 pA; p < 0.05, Kolmogorov-Smirnov test; Fig. 2A ).
An amplitude histogram of sIPSCs demonstrated that this increase could not be attributed to a rightward shift in the overall distribution of event amplitudes, but instead reflected a threefold increase in the frequency of large (>125 pA) events in Lis1
sIPSCs were greater than 125 pA (Fig. 2C) .
Because large events could be due to spontaneous firing of interneurons, we next recorded mIPSCs from 33 pyramidal cells (WT n=16 cells, Lis1 +/-n=17 cells) in the presence of 1 µM TTX and 3 mM kynurenic acid. With action potentials blocked, these large events were eliminated (Fig. 2C) . Analysis of mIPSC kinetics revealed no differences between wild-type and Lis1 +/-n=11) using a monopolar electrode placed in stratum radiatum. To isolate eIPSCs, we included 3 mM kynurenic acid in the ACSF, and recorded responses at a holding potential of -60 mV. We measured peak amplitude of each eIPSC and calculated a paired-pulse ratio (PPR) for each cell, examining pairedpulse modulation at interpulse intervals of 40, 100, 400, 500, and 700 ms (Fig. 5A,B ).
For all cell types, we observed examples of paired-pulse facilitation (PPF; defined as a PPR > 1) and paired-pulse depression (PPD; PPR < 1), with some cells showing an absence of any paired-pulse modulation (PPR = 1). The distributions of cells with PPR greater than, less than, or equal to 1 were similar between genotypes at all interpulse intervals tested; for clarity, shown in Fig. 5 is the distribution at a standard interpulse interval of 100 ms (WT, PPR > 1: 37.5%; WT, PPR < 1: 37.5%; WT, PPR = 1: 25.0%; We also compared the firing rates of only those interneurons that exhibited spontaneous firing, excluding all interneurons with a rate of 0 Hz. By this analysis, we found the mean firing rate for WT interneurons to be 0.82 ± 0.50 Hz (n=4), while the rate for Lis1 To explore the possibility that alterations in intrinsic firing properties of interneurons could underlie their increased activity, we obtained current-clamp recordings from 111 visually identified CA1 interneurons in slices from WT (n=62 cells) and Lis1 +/-(n=49 cells) mice. We injected 1000 ms current steps to measure resting membrane potential, input resistance, spike width, amplitude of the fast afterhyperpolarization, firing frequency at twice the firing threshold, and firing frequency accommodation (Table 2) .
In these recordings, we encountered FS, RSNP, and BST interneurons. We found that intrinsic properties were similar for all sub-classes of interneurons from WT and Lis1 +/-mice, indicating that a change in synaptic inputs to interneurons is likely to underlie the increased firing activity we observed in cell-attached recordings of Lis1
Finally, we hypothesized that an increase in excitatory drive onto GABAergic interneurons could underlie enhanced activity of inhibitory systems in the Lis1 (Fig. 7D,E) .
Interneuron identification was confirmed in current-clamp mode for all cells (Fig. 7A, lower traces).
Discussion
Lis1 haploinsufficiency results in Type-I Lissencephaly in humans (Dobyns et al. 1993) and similar neuronal migration disorders in mice (Hirotsune et al. 1998; Gambello et al. 2003) . In humans, Lis1 deficit contributes to profound mental retardation and intractable epilepsy (Dobyns et al. 1993) ; in mice, Lis1 deficit is associated with impaired spatial learning and hyperexcitability of hippocampal circuits (Paylor et al. 1999; Fleck et al. 2000) . To study mechanisms that may contribute to these neurological phenotypes, we analyzed inhibitory systems in Lis1 +/-mice. We anticipated that GABAergic transmission would be reduced, consistent with the circuit hyperexcitability previously observed in these mice (Fleck et al. 2000) , and also consistent with other studies indicating that inhibitory transmission is decreased in cortical malformation disorders (Calcagnotto et al. 2002; Trotter et al. 2006) . Surprisingly, we identified a modest increase in GABAmediated synaptic inhibition, in that the frequency of large, action-potential dependent sIPSCs onto disorganized CA1 pyramidal neurons was enhanced compared to agematched controls. The inhibitory current increase was associated with increased spontaneous firing rates of interneurons, as well as enhanced glutamatergic excitation of these cells. Our findings, therefore, provide evidence that Lis1 deficit is associated with a significant disruption of inhibitory circuitry in the malformed hippocampus. arriving from pyramidal cells, as we noted an increase in sEPSC frequency onto these interneurons. Similarly, in kainate-and pilocarpine-treated rats, the increased spontaneous firing rate of interneurons was associated with an increase in excitatory inputs to interneurons (Cossart et al. 2001) . Also consistent with our findings, an increase in sEPSC frequency onto CA1 interneurons was observed in slices bathed in elevated potassium, another commonly studied manipulation eliciting epileptic discharge (McBain 1994 ).
An increase in GABA-mediated inhibition, as reported here for Lis1 (Medvedev et al. 2000; Worrell et al. 2005) . Therefore, a disruption of the inhibitory system could lead to abnormal synchronization of excitatory circuits and, perhaps, generation of abnormal electrical discharges i.e., seizures.
Besides temporally linking neuronal firing activity, GABA-mediated oscillations play a critical role in memory consolidation (Buzsaki 1989; Bragin et al. 1999; Grenier et al. 2001 ). For example, interneuron-generated theta rhythms are thought to gate memory information processing in the hippocampus (Sun et al. 2001) . At a cellular level, the neural correlate of learning (spatial learning, in particular) is thought to be encoded by In conclusion, we provide the first systematic assessment of inhibitory synaptic circuitry in the malformed hippocampus of a Lis1 deficient mammal. We find functional disruption of GABA-mediated synaptic transmission and increased firing rates and 
